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Synaptic vesicle (SV) fusion is a fine-tuned process
requiring a concert of fusion machineries. Using
cortical neurons from snapin-deficient mice, we
reveal a role for Snapin in facilitating synchronous
release. In addition to reduced frequency of minia-
ture excitatory postsynaptic currents (mini-EPSCs)
and smaller release-ready vesicle pool (RRP) size,
snapin deficiency results in EPSCs with multiple
peaks and increased rise and decay times, reflecting
‘‘desynchronized’’ SV fusion. These defects impair
both synaptic precision and efficacy during sus-
tained neurotransmission. Transient expression of
Snapin not only rescues the slowed kinetics of
EPSCs, but also further accelerates the rate found
in wild-type neurons. Furthermore, expression of
Snapin-C66A, a dimerization-defective mutant with
impaired interactions with SNAP-25 and Synaptotag-
min, reduces the RRP size but exhibits less effect on
synchronized fusion. Our studies provide mecha-
nistic insights into a dual role of Snapin in enhancing
the efficacy of SV priming and in fine-tuning synchro-
nous SV fusion.
INTRODUCTION
Information coding in the brain depends on the timing of action
potentials, which is influenced by integration of unitary excitatory
inputs. The size and shape of excitatory postsynaptic currents
(EPSCs) are two decisive factors in tuning the temporal and
spatial precision of spiking (Cathala et al., 2003; Cadetti et al.,
2005) and can be modulated by presynaptic mechanisms.
Ca2+-triggered neurotransmitter release depends on the pres-
ence of a pool of primed release-ready synaptic vesicles (SVs)
(see review by Rettig and Neher, 2002), which determines the
release probability of a synapse (Zucker, 1996). The priming
step corresponds to the assembly of the SNARE complex in
which synaptobrevin (VAMP) interacts with SNAP-25 and syn-
taxin-1 to form a metastable structure before fusion (Sudhof,
2004; Wojcik and Brose, 2007). Several SNARE regulatory
proteins, including Munc18 (Hata et al., 1993), Munc13-1 (Brose
et al., 2000), RIM1a (Betz et al., 2001; Schoch et al., 2002), Com-412 Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc.plexins (Reim et al., 2001; Tang et al., 2006; Huntwork and Little-
ton, 2007), and CAPS (Jockusch et al., 2007; Liu et al., 2008), are
implicated in this priming process and influence the size of
EPSCs.
While much attention in the past decade has been given to the
SNARE regulatory proteins in studying SV release probability
and short-term plasticity, our understanding of the molecular
mechanisms that govern the tuning of EPSC shape is largely
lacking. The synchronicity of vesicle fusion at the presynaptic
terminal is a key determinant of the time course of AMPA
receptor-mediated EPSCs (Diamond and Jahr, 1995). Therefore,
identifying proteins essential for synchronous fusion provides
both molecular and physiological insights into how synaptic
transmission is regulated. Maturation of SVs into a release-ready
state requires Synaptotagmin I (Syt I), a main Ca2+ sensor of fast
neurotransmission (see review by Chapman, 2008). The accu-
rate assembly of Syt I-SNARE fusion machineries is critical for
the precise timing of fast release within submilliseconds (Kesa-
van et al., 2007). Ca2+-dependent and -independent interactions
between Syt I and SNAREs (Melia et al., 2002; Zhang et al., 2002;
Bhalla et al., 2006) suggest that before the Ca2+ trigger, a loose
prefusion Syt I-SNARE complex is assembled during the priming
process. Localized Ca2+ influx sensitizes the Ca2+ sensor Syt I
and induces its subsequent tight coupling to the SNARE
complex (Ferna´ndez-Chaco´n et al., 2001; Zhang et al., 2002;
Maximov and Su¨dhof, 2005). Mutation studies indicate that
fusion pore dynamics might be changed if Syt I and SNAREs
were less tightly coupled (Bai et al., 2004). Complexins have
been reported to activate or clamp fusion of SVs by freezing
the SNARE complex in its metastable state before Ca2+ influx
(Tang et al., 2006; Giraudo et al., 2006; Huntwork and Littleton,
2007). In both syt I null neurons and neurons with elevated
synaptic concentration of Complexin, the fast release was
almost abolished (Maximov and Su¨dhof, 2005; Tang et al.,
2006), indicating that the proper structural coupling of Syt I
with SNAREs is critical for fast SV exocytosis. These findings
support a model in which Syt I synchronizes fusion at least in
part by interacting with SNAREs. However, aside from the estab-
lished roles of Complexins and Syt I, the regulatory mechanisms
underlying synchronous SV fusion are unclear.
We initially identified Snapin as a SNAP-25-binding protein
that enhances the association of Syt I with the SNAREs (Ilardi
et al., 1999). Using snapin knockout (KO) mice, we further
demonstrated that Snapin modulates fast exocytosis (exocy-
totic burst) of large dense-core vesicles (LDCVs) in chromaffin
Neuron
The Synchronization of Synaptic Vesicle FusionFigure 1. Snapin-Deficient Neurons Display a Reduced Frequency
of Miniature Synaptic Currents and a Smaller Size of Readily
Releasable Pool
(A) Representative miniature currents recorded from cultured snapin (+/+),
(+/), and (/) cortical neurons at DIV10 in the presence of 1 mM TTX.
(B) Bar graphs of mean frequencies (upper left) and mean amplitudes (upper
right) and cumulative distribution plots of interevent interval (lower left) and
miniature amplitude (lower right) recorded from snapin (+/+) (n = 20), (+/)
(n = 35), and (/) (n = 20) cortical neurons. Significant differences were
observed in mini frequency between (/) and (+/+) neurons (p < 0.001), as
well as between (+/) and (+/+) neurons (p = 0.026).
(C) Representative miniature AMPA currents isolated by 50 mM picrotoxin and
50 mM APV were recorded from snapin (+/+) and (/) cortical neurons.
(D) Bar graphs of mean rise time and decay time of mini AMPA currents
recorded from snapin (+/+) (n = 10) and (/) (n = 9) neurons. Differences
between the groups were not significant (p > 0.05).cells by stabilizing the structural coupling of Syt I to the SNARE
complex (Tian et al., 2005). Deletion of snapin leads to a marked
reduction in the amount of Syt I-SNARE complex in mouse
brain. We now report that Snapin is involved in synchronizing
SV fusion at central synapses, where precise timing is most
critical for proper synaptic function. By recoding synaptic trans-
mission between cultured cortical neurons from snapin-defi-
cient mice, we found that snapin mutant neurons not only
have a smaller primed SV pool size, but also exhibit EPSCs
with unexpected multiple peaks and fail to follow sustained
firing at high frequencies. Reintroducing snapin into the mutant
presynaptic neurons effectively accelerates the EPSC kinetics
to the greater extent found in (+/+) neurons by boosting the
synchronicity of SV fusion. EPSC kinetics is correlated in rank
order to the relative Snapin expression level in the presynaptic
neurons. Thus, our studies reveal the significance of Snapin as
a unique ‘‘synchronizer’’ of calcium-triggered SV fusion at
central nerve terminals.
RESULTS
Snapin-Deficient Neurons Display a Reduced Frequency
of Miniature Synaptic Currents and a Smaller-Sized
Readily Releasable Pool
To define the role of Snapin in synaptic transmission at central
synapses, we first compared basic synaptic properties of
cultured cortical neurons from snapin mutant mice and their
littermate controls. Whole-cell patch-clamp was performed to
record miniature (mini) synaptic currents in the presence of
1 mM TTX at DIV10 (Figure 1A). The mean frequency of mini
currents decreased in a snapin gene-dose-dependent manner
(Figure 1B). Wild-type neurons had a mini frequency of 1.94 ±
0.26 Hz, whereas those in snapin (/) and (+/) neurons
were 0.45 ± 0.10 Hz and 1.06 ± 0.19 Hz, respectively. Cumula-
tive frequency distribution of interevent intervals revealed right-
ward shifts for both (/) and (+/) neurons (Figure 1B, lower
left), consistent with a comparable reduction in mini frequency.
However, no observable difference in mini amplitude was seen
(Figure 1B, right panels). Closer examination of the mini AMPA
events recorded in 50 mM picrotoxin and 50 mM APV revealed
no difference in average rise time [(+/+), 2.84 ± 0.12 ms;
(/), 2.54 ± 0.17 ms, p > 0.05] and decay time [(+/+), 6.46 ±
0.31 ms; (/), 5.64 ± 0.49 ms, p > 0.05] (Figures 1C and
1D), suggesting that the kinetics of AMPA receptor-mediated
mini-EPSCs were not altered by snapin deletion. We further
examined the release-ready vesicle pool (RRP) at the nerve
terminal by applying hypertonic sucrose solution. Hypertonic
responses were significantly decreased in both snapin (+/)
(11.25 ± 1.54 3 104 pA*ms, p = 0.0038) and (/) (12.03 ±
2.46 3 104 pA*ms, p = 0.0026) neurons compared with their
wild-type controls (19.28 ± 2.25 3 104 pA*ms) (Figures 1E
(E) Representative hypertonic responses from snapin (+/+), (+/), and (/)
neurons.
(F) Averaged total charge of sucrose-induced responses from (+/+) (n = 18),
(+/) (n = 22), and (/) neurons (n = 15). Significant decreases were found
for both (+/) (p = 0.0038) and (/) (p = 0.0026) responses relative to (+/+)
control. Error bars = SEM.Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc. 413
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presynaptic boutons.
Homozygous, but Not Heterozygous, Deletion of snapin
Reduces Presynaptic Density of the Cultured Neurons
To examine possible changes in synapse maturation resulting
from snapin deletion, we analyzed the densities of both total
and activatable synapses. First, by costaining neurons in culture
with presynaptic marker Synapsin I and dendritic marker MAP2,
we observed a modest reduction in the density of total synapses
along dendrites of snapin (/) cultures (0.21 ± 0.02 / mm, p =
0.03) compared with (+/) mutant (0.26 ± 0.02 / mm) and (+/+)
Figure 2. Homozygous, but Not Heterozy-
gous, Deletion of snapin Reduces Presyn-
aptic Density
(A) Representative images of presynaptic termi-
nals labeled with anti-Synapsin antibody along
a dendritic process marked by MAP2 from snapin
(+/+), (+/), and (/) neurons as indicated. Scale
bars, 5 mm.
(B) Bar graph of averaged number of Synapsin
puncta per mm dendritic length for snapin (+/+),
(+/), and (/) neurons. Significant decrease
(p = 0.03, t test) was only observed in (/)
neurons relative to (+/+) control.
(C) Representative images of active presynaptic
boutons loaded with FM4-64 from snapin (+/+),
(+/), and (/) neurons as indicated. Scale
bars, 5 mm.
(D) Bar graph of averaged number of FM puncta
(active synapse) per mm axon length for snapin
(+/+), (+/), and (/) neurons. Significant
decrease (p = 0.0009, t test) was only observed
in (/) neurons relative to (+/+) control.
(E) Representative ultrastructural images of
a synapse from cultured snapin (+/+), (+/), and
(/) cortical neurons at DIV14. Scale bars:
100 nm.
(F) Analysis of morphological features of synapses
from all genotypes of neurons. The length of the
active zone (AZ), the width of the synaptic cleft
(space of cleft), and the averaged diameter of
SVs were measured, and no significant differ-
ences (NS) were found across all genotypes of
neurons. Number of vesicles relative to its AZ
length or terminal area was also compared among
all genotypes of neurons. Significant decreases
were only observed in (/) neurons for the
density of docked vesicles (p = 0.045, U test)
and the density of total vesicles (p = 0.016, U test).
Error bars = SEM.
control neurons (0.27 ± 0.02 / mm) from
the same litter (Figures 2A and 2B). In
addition, we measured active presyn-
aptic boutons by loading the nerve termi-
nals with FM4-64 dye using 50 mM K+
solution. Comparing all three genotypes
of neurons revealed reduced FM4-64
staining along axons in snapin (/)
neurons (0.20 ± 0.02 / mm, p = 0.0009),
while that in snapin (+/) (0.30 ± 0.03 / mm) neurons remained
unchanged relative to wild-type controls (0.31 ± 0.02 / mm)
(Figures 2C and 2D).
We next looked at the ultrastructure of the synapse from
cultured neurons at the same developmental age (DIV10) when
recordings were performed (Figure 2E). No changes were
observed between snapin (+/) (n = 27) and (+/+) (n = 27) neurons
in the average length of active zone (AZ), the space of the
synaptic cleft, vesicle diameter, number of docked vesicles per
AZ length, and number of total vesicles per terminal area.
However, there were fewer SVs found in (/) presynaptic bou-
tons (n = 7), although AZ length, space of the cleft, and vesicle414 Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc.
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The Synchronization of Synaptic Vesicle FusionFigure 3. Deletion of snapin Reduces
the EPSC Size and Slows the EPSC Kinetics
(A) Representative AMPA-EPSCs by paired
whole-cell recordings from snapin (+/+), (+/),
and (/) cortical neurons in culture. Note that
single-peaked EPSCs reflecting synchronized SV
fusion became smaller and multipeaked with sna-
pin-deficiency. Taking the first peak of each single
EPSC from (+/) and (/) neurons for analysis,
the 10%–90% rise time remained similar to that
of their (+/+) controls (upper right).
(B) Bar graphs of normalized peak EPSC ampli-
tudes (left) and number of peaks per 100 ms (right)
from neurons of all genotypes. Relative to the wild-
type control, snapin (/) neurons exhibited
a remarkable decrease in the EPSC peak ampli-
tude (0.36 ± 0.06, n = 17, p < 0.001), in parallel
with a moderate decrease observed in (+/)
neurons (0.82 ± 0.12, n = 22, p = 0.33). Number
of peaks per 100ms for each neuronwas averaged
from 10 EPSCs evoked at 0.05 Hz. Snapin defi-
ciency resulted in increased peak numbers from
both (/) (n = 10, p = 0.003) and (+/) (n = 16, p =
0.004) neurons in comparison with (+/+) (n = 12).
(C) Overlay of averaged AMPA-EPSCs from (+/+)
(black, n = 8), (+/) (green, n = 13) and (/) (red,
n=12) neurons (left), and thecorresponding scaled
traces (right), in which the peak values of EPSCs
from snapin (+/) and (/) neurons were scaled
to that of (+/+) neurons. All traces were aligned at
the time points of their 10% rise in amplitude.
Time of ‘‘Delay’’ was shown starting from the stim-
ulus artifact (AP) to the point of 10% rise of aver-
aged EPSC traces.
(D) Bar graphs of half-width (top graph), 10%–90%
rise time (second graph), delay time (third graph),
and 10%–90% decay time (bottom graph)
measured from the scaled traces. Snapin (/)
neurons exhibited significant increases in half-
width (p = 0.020), rise time (p < 0.001), time of delay
(p < 0.001), and decay time (p = 0.028) relative to
that of wild-type controls. A moderate increase in
decay time (p = 0.044; grouped t test, mean ±
SEM) was also noticed in (+/) EPSCs.size remained similar to that of (+/+) controls (Figure 2F). Alto-
gether, homozygous deletion of snapin resulted in reduced
densities of total and active presynaptic boutons and reduced
SVs at AZs, while in the heterozygous neurons these changes
were not significant. These morphological observations suggest
that, although reduced Snapin in (+/) neurons is sufficient for
synaptic maturation, its physiological expression in snapin
(+/+) neurons might be essential to effectively regulate SV
priming and fusion.
Snapin Deficiency Resulted in Smaller Size and Slower
Kinetics of EPSCs
We next examined evoked synaptic responses by recording
paired cortical neurons in snapin (+/+), (+/), and (/) cultures
(Figure 3A). Since glutamatergic synapses are the main informa-
tion carriers in the cortex, here we focused our analysis on excit-
atory neuronal transmission. Particularly, with 2 mM Mg2+ in the
recording bath, the EPSCs recorded under voltage clamping at
70 mV were mainly mediated by AMPA receptors. In parallelwith the remarkable decrease in mini frequency, the peak ampli-
tude of EPSCs from snapin (/) neurons showed 63.57% ±
5.75% reduction compared with that from (+/+) neurons
(Figure 3B, left). A similar reduction (51.84% ± 7.61%) in total
charge transfer was also noticed in snapin (/) neurons. These
results agree with the previous observation of a decreased
exocytotic burst and a smaller RRP in snapin (/) chromaffin
cells (Tian et al., 2005).
Surprisingly, we also observed a profound change in the
shape of EPSCs fromboth snapin (+/) and (/) neurons.While
a smooth and single-peaked EPSC reflecting synchronized
vesicle fusion was consistently recorded from snapin (+/+)
neurons, multipeaked EPSCs with prolonged time course were
predominantly found in both snapin-deficient (+/) and (/)
neurons (Figure 3A). The total number of peaks within a 100 ms
window (analyzed by ‘‘Mini Ananlysis’’ software) revealed
a significant increase in both snapin (+/) (1.85 ± 0.15, n = 16,
p = 0.004) and (/) neurons (2.01 ± 0.24, n = 10, p = 0.003) rela-
tive to that of snapin (+/+) control (1.20 ± 0.07, n = 12) (Figure 3B,Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc. 415
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we found a similar rise time of the first EPSC peak between (/)
(2.50 ± 0.37 ms) and (+/+) neurons (2.52 ± 0.41 ms, p > 0.05)
(Figure 3A, right). EPSC kinetics has been widely used as
a sensitive metric for reflecting small changes in synaptic gluta-
mate transients (Diamond and Jahr, 1995). We further averaged
the time course of EPSCs recorded at 0.1 Hz from all genotypes
of neurons [(+/+), n = 8; (+/), n = 13; and (/), n = 12] and
scaled the peak amplitude of (+/) and (/) currents to that
of (+/+) EPSCs (Figure 3C). Significant increases were noticed
in snapin (/) neurons in EPSC half-width [(+/+), 8.36 ±
0.57 ms; (/), 11.52 ± 1.16 ms, p = 0.020], 10%–90% rise
time [(+/+), 2.87 ± 0.25 ms; (/), 4.79 ± 0.31 ms, p < 0.001],
time of delay [(+/+), 4.35 ± 0.33 ms; (/), 7.65 ± 0.46 ms, p <
0.001] and 10%–90% decay time [(+/+), 15.97 ± 1.42 ms;
(/), 25.54 ± 4.06 ms, p = 0.028], representing a remarkable
slow down of EPSC kinetics compared with that of wild-type
controls (Figure 3D). The neurons with heterozygous deletion
of snapin also exhibited relatively slowed EPSCs with a signifi-
cant change in decay time (21.20 ± 2.34 ms, p = 0.044). Since
the kinetics of AMPAmini-EPSCs remained similar between sna-
Figure 4. The Precision and Efficacy of Synaptic Transmission Are
Impaired under High-Frequency Stimulations in Both snapin (+/)
and (/) Neurons
(A and B) Representative traces from snapin (+/+), (+/), and (/) neurons at
10 Hz (A) and 50 Hz (B) stimulations.
(C) For each EPSC recorded at 10 Hz (as in [A]), the time-to-peak in 100 ms
window (the time from each stimulus artifact to its peak) was plotted against
stimulus number. Whereas the time-to-peak measured from (+/+) neurons re-
mained at baseline throughout the stimulus train, those from (+/) and (/)
neurons exhibited more severe delays and larger variability.
(D) Normalized EPSC peak amplitudes plotted against stimulus number at
50 Hz stimulus train (as in [B]). Faster depression was seen in snapin (+/)
and (/) neurons. Data points as mean ± SEM.416 Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc.pin (+/+) and (/) neurons (Figures 1C and 1D) and the rise time
of the first EPSC peak recorded in (/) neurons was unaltered
(Figure 3A, right), the observed change in averaged EPSC
kinetics was unlikely due to altered AMPA receptor kinetics or
delays in single-vesicle fusion kinetics, but was rather attributed
to the failure of synchronous SV fusion.
Snapin Deficiency Impairs the Precision and Efficacy
of Synaptic Transmission under High-Frequency
Stimulations
To define the role of Snapin in high-frequency neuronal activity,
we delivered pulse trains to the presynaptic neuron of a con-
nected pair. EPSCs recorded from snapin (+/+) neurons dis-
played smooth depression and accurate phase-lock of the
peak time to their stimuli under both 10 Hz and 50 Hz (Figures
4A and 4B). However, snapin (+/) and (/) neurons exhibited
impaired responses to the high-frequency trains. Although the
average rates of synaptic depression remained similar among
all genotypes of neurons under 10 Hz stimulation (data not
shown), the precise phase-lock was no longer observed in
both snapin (+/) and (/) neurons after the first three stimuli;
additionally, the size and peak time of EPSCs became highly
variable (Figure 4C). The impairment in synaptic efficacy was
more evident at higher stimulation frequencies. Snapin (+/)
neurons displayed much faster decay in EPSC amplitudes at
50Hz (Figure 4D) and a significant decrease in total charge trans-
fer [(+/+), n = 6, 4.21 ± 1.66 3 104 pA*ms; (+/), n = 6, 1.27 ±
0.32 3 104 pA*ms, p = 0.02, Mann-Whitney U test], indicating
a smaller pool of release-ready SVs at the terminals, although
the average number of docked vesicles and gross morphology
of presynaptic boutons are not significantly affected in snapin
(+/) neurons (Figures 2E and 2F). Snapin null mutation caused
a more severe impairment in synaptic transmission at this stim-
ulation rate. Due to the prolonged synaptic delay and increased
EPSC rise and decay time (Figures 3C and 3D), the first EPSC
was unable to return to baseline within a 20 ms interval and
subsequent synaptic responses were hardly observed (Figures
4B and 4D). These results further indicate the importance of
Snapin in maintaining synaptic precision and efficacy during
repetitive firing.
Elevated External Calcium Partially Rescues the Size,
but Not the Kinetics, of EPSCs
Given the importance of calcium sensing during neurotransmis-
sion, we next sought to determine the distinct effect of calcium
and Snapin in shaping EPSCs. Changes in Ca channel density
and function could be one cause for the striking phenotypes
we observed in snapin-deficient neurons. We recorded the
calcium currents mediated by Ca channels (both N-type and
P/Q type) at the soma by giving stepwise depolarization from
40 to +60 mV. Snapin-deficient (+/) neurons, in which
desynchronized fusion was consistently observed, displayed
similar Ca current density and activation and inactivation rates
compared to wild-type neurons (Figure S1 available online).
To further determine the calcium sensitivity in mediating
synaptic transmission, neurons from all three genotypes were
first recorded at 0.1 Hz stimulations in bath solution containing
2 mM Ca2+. After a period of stable recording, the same
Neuron
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Ca2+ (Figure 5A). Similar folds of increase in EPSC size and
charge were observed in all genotypes of neurons following
the elevation of [Ca2+]ext (Figure 5B), indicating unaltered calcium
dependence for SV fusion in the lack of Snapin. A detectable
effect of elevated [Ca2+]ext was the smoothing of the EPSC
shape. The number of peaks in snapin (+/) and (/) neurons
within a 100 ms window was reduced to the level seen in snapin
(+/+) neurons [1.11 ± 0.07 for (+/+); 1.34 ± 0.13 for (+/); and
1.20 ± 0.08 for (/)] (Figure 5C). However, more importantly,
the slow EPSC kinetics from (/) neuronswas not at all rescued
by [Ca2+]ext elevation (Figure 5D). Paired comparison showed
that the changes in [Ca2+]ext have no significant effect on the
half-width, rise time, and decay time of EPSCs (Figure 5E), sug-
gesting that elevated local [Ca2+] was insufficient to rescue the
slow kinetics of EPSC or the desynchronized fusion in snapin-
deficient neurons. Thus, the disappearance of additional peaks
under elevated [Ca2+]ext conditions was not due to repression
of asynchronous release, but rather, to an increased signal-to-
noise ratio since more SVs were sensitized for fusion.
Snapin Fine-Tunes EPSC Kinetics
in a Gene-Dose-Dependent Manner
We further verified the role of Snapin in synchronous fusion at
presynaptic terminals by introducing Snapin transgene into the
cultured snapin (+/) and (/) neurons. Recordings were ob-
tained from the untransfected postsynaptic neuron receiving
Figure 5. Elevated External Calcium Partially
Rescues the Size, but Not Kinetics, of EPSCs
(A) Five superimposed single traces recorded from (+/+),
(+/), and (/) neurons when the recording chamber
was perfused with 2 mM (upper) and 6 mM (lower) calcium
solutions in sequence.
(B Relative increase in EPSC size (left panel) and total
charge (right panel) when external calcium was elevated
from 2 mM to 6 mM.
(C) Averaged number of EPSC peaks measured from (+/+)
(n = 17), (+/) (n = 20), and (/) (n = 13) neurons in both
2 mM and 6 mM [Ca2+]ext conditions. Note that increased
peak number observed from snapin (+/) and (/)
neurons in 2 mM [Ca2+]ext could be reduced to the (+/+)
level when [Ca2+]ext was elevated to 6 mM.
(D) Overlay of averaged AMPA-EPSCs recorded from
a representative (/) neuron, when perfused with 2 mM
and 6 mM [Ca2+]ext.
(E) Changes in AMPA-EPSC half-width (left), rise time
(middle), and decay time (right) when increasing [Ca2+]ext
from 2 mM to 6 mM, plotted for seven paired (/)
neurons (open red circle) and their means (filled red
circles). No significant differences in kinetics were
observed (paired t test, mean ± SEM).
input from the pIRES-EGFP-Snapin transfected
presynaptic neuron under a fluorescent micro-
scope. A dramatic speed-up of EPSC kinetics
was observed when exogenous Snapin was
transiently expressed in the presynaptic neuron
for 3 days, regardless of the deficiency of
endogenous Snapin. Elevating Snapin expression not only
rescued the slowed kinetics of EPSCs found in (+/) and (/)
neurons, but also further accelerated the rate found in (+/+)
neurons (Figure 6A), suggesting a greater synchrony of SV
fusion. Consistently, the total number of EPSC peaks resulting
from a single stimulus, which was significantly increased in
(+/) neurons, decreased by 37% ± 4% (p = 0.0005) after the
transient expression of Snapin (Figure 6B). EPSC kinetics was
sensitive to Snapin-mediated regulation in a dose-dependent
manner. A correlation in the rank order of decay times and
half-widths in relation to the relative expression level of Snapin
in the presynaptic neurons was noted (Figure 6C), highlighting
a critical role of Snapin in shaping EPSC kinetics through
synchronization of SV fusion. Thus, while endogenous Snapin
in (+/+) neurons is sufficient for proper SV priming and normal
release probability, it is still below the saturation level for maxi-
mally synchronizing SV fusion. These results imply two parallel
effects of Snapin in the fine regulation of SV fusion and further
argue against the possibility that the desynchronized fusion is
due to a developmental retardation.
Snapin Dimerization Significantly Enhances
Its Interaction with SNAP-25 and Syt I
Our previous analysis of brain homogenates showed that Snapin
homozygous deletion and heterozygous mutants did not affect
expression of a large variety of proteins involved in SV exocytosis
(Tian et al., 2005). To examinewhether the impairedprecision andNeuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc. 417
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could be due to altered expression of other known priming and
fusion proteins, we performed immnuoblot analysis of the brain
homogenates of snapin wild-type and deficient littermates. Our
results consistently indicate that snapin deficiency or deletion
does not result in any apparent compensatory changes in the
expression of SNAREs, Complexin I/II, Munc13-1, CAPS, and
Syt I (FigureS2), suggesting that thephenotypesobserved in sna-
pin-deficient neurons are unlikely attributable to the expression
defects of the above SNARE and SNARE regulatory proteins.
To provide mechanistic insights into the roles of Snapin in SV
priming and synchronized fusion, we sought to identify a Snapin
dominant-negative mutant for rescue experiments. A previous
report using CD spectra and multiangle laser light scattering
suggests that recombinant Snapin forms a stable dimer (Vites
et al., 2004). Therefore, we asked if Snapin forms a disulfide-
crosslinked homodimer. To determine this, we generated Sna-
pin-C66A mutant by substituting a single and only-cysteine
residue of Snapin into alanine. Purified His-tagged Snapin
wild-type (WT) and its C66A mutant were separated on SDS-
PAGE under nonreduced and reduced conditions and stained
with Coomassie brilliant blue or immunoblottedwith an anti-Sna-
Figure 6. Snapin Fine-Tunes EPSC Kinetics in a Gene-Dose-Depen-
dent Manner
(A) Overlay of scaled average AMPA-EPSCs from (+/+) (n = 8), (+/) (n = 13),
and (/) (n = 12), and rescued neurons by presynaptic expression of
pIRES-EGFP-snapin transgene [(+/) SN, n = 8; (/) SN, n = 10]. Delayed
EPSC kinetics found in snapin (+/) and (/) neurons were not only effec-
tively rescued, but also further accelerated relative to (+/+) neurons when
Snapin expression was transiently elevated.
(B) The average amplitude and total number of peak EPSCs within a 100 ms
window. Note that average peaks in (+/) neurons transfected with snapin
transgene were remarkably decreased (0.63 ± 0.04, p = 0.0005) as compared
with their nontranfected controls.
(C) Gene-dose-dependent change of EPSC decay time (left) and half-width
(right) recorded from presynaptic snapin (/), (+/), and (+/+) neurons and
(+/) neurons rescued by transient expression of exogenous Snapin.
Error bars = SEM.418 Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc.pin antibody. As shown in Figure 7A, the majority of Snapin WT,
but not its C66A mutant, migrated at the apparent molecular
mass of 40 kD under nonreduced conditions, while in reduced
gels, they were both exclusively detected at 20 kD. Thus, our
study further identified Snapin-C66A as a dimerization-defective
mutant.
To examine whether the Snapin-C66A mutant impacts its
interaction with Syt I, we incubated Snapin WT or C66A mutant
with rat brain homogenates and followed it with immunoprecip-
itation. Our results demonstrated that the Snapin dimerization-
defective mutant has a reduced interaction with native Syt I
relative to its wild-type control (Figure 7B). In addition, we per-
formed GST pull-down assays to determine the relative binding
of Snapin WT or its C66A mutant to Syt I and SNAP-25. Snapin-
C66A significantly impaired its ability to stably interact with both
Syt I and SNAP-25 in vitro by 66% and 70%, respectively
(Figures 7C–7E). It is likely that the dimer structure enables Sna-
pin to interact simultaneously with both Syt I and SNAP-25, and
thus stabilizes the prefusion complex for efficient SV priming. To
examine Snapin dimerization with respect to Ca2+ sensing, we
carried out two GST pull-down assays in the presence or
absence of Ca2+. First, when GST-Syt I was incubated with
His-Snapin or its mutant, we found that elevated Ca2+ can
efficiently rescue the binding defect of Snapin-C66A to Syt I
(Figure 7F). Second, we alternatively used GST-Snapin or
GST-Snapin-C66A to pull down native Syt I from rat brain
homogenates and found that Ca2+ enhances the interaction of
Snapin-C66A to Syt I to an extent similar to the binding capability
of its wild-type control in the absence of Ca2+ (Figure 7G). In
contract, GST-Snapin was unable to pull down native Complexin
I/II from brain homogenates, further indicating that Snapin func-
tions via a different interaction mode with the same set of fusion
core machinery (SNAREs and Syt I) shared by other well-charac-
terized proteins including Complexins. Together our biochemical
studies suggest that Snapin-C66A could serve as a dominant-
negative mutant for the priming process or pre-Ca2+ coupling
between Syt I and SNAREs.
Dual Role of Snapin in Synchronizing SV Fusion
and Maintaining RRP Size
We next compared the rescue effects of wild-type Snapin and its
C66A mutant by expressing their IRES-EGFP-tagged transgene
into the snapin-deficient presynaptic neurons. Fifty-hertz trains
were given and the total charge transfer, as an estimate of
RRP size, was measured and compared relative to (+/+) neurons
with expression of the GFP vector (1.00 ± 0.19, n = 9). Consistent
with the estimation by hypertonic solution application (Figures
1E and 1F), normalized total charge transfer was significantly
reduced in (+/) (0.42 ± 0.06, n = 11, p = 0.016) neurons express-
ing GFP control (Figure 8A). Although overexpressing Snapin-
C66A mutant in snapin (+/+) neurons only mildly reduced the
number of release-ready vesicles (0.59 ± 0.17, n = 6, p = 0.10),
the reduction in (+/) neurons was remarkable (0.20 ± 0.05,
n = 8, p = 0.017) when compared with their GFP controls. Simi-
larly, introducing Snapin-C66A resulted in faster decay at 50 Hz
stimulation in both (+/+) and (+/) neurons (Figure 8B). However,
when wild-type Snapin was expressed into snapin (+/)
neurons, the reduced total charge transfer (0.79 ± 0.19, n = 9,
Neuron
The Synchronization of Synaptic Vesicle FusionFigure 7. Snapin Dimerization Significantly
Enhances Its Interaction with SNAP-25
and Syt I
(A) Snapin forms a homodimer and Snapin-C66A
is a dimerization-defective mutant. Purified His-
tagged Snapin wild-type (WT) and its C66Amutant
were separated on 4%–12% SDS-PAGE under
nonreduced or reduced conditions and stained
with Coomassie brilliant blue (CB) or immunoblot-
ted (IB) with an anti-Snapin antibody. Under non-
reduced conditions, the majority of Snapin WT,
but not its C66A mutant, migrated at the apparent
molecular mass of 40 kD, while in reduced gels,
they were both exclusively detected at 20 kD.
(*), degraded Snapin dimer.
(B) Immunoprecipitation (IP) shows that Snapin-
C66A mutant reduces interaction with native Syt
I from rat brain homogenates (BH). Onemicrogram
of purified Snapin WT or C66A mutant was incu-
bated with fifty micrograms of brain homogenates
followed by IP with anti-Syt I or control IgG, and
sequentially immunoblotted with anti-Snapin and
anti-Syt I.
(C–E) GST pull-down. GST-tagged cytoplasmic
domain of Syt I (GST-syt I-CT), GST-SNAP-25, or
GST control immobilized on glutathione-Sephar-
ose beads was incubated with His-tagged Snapin
WT (C) or C66A mutant (D). Bound proteins were
immunoblotted with antibodies against Snapin
(upper) and GST (lower). Series dilutions of both
Snapins were loaded on the same gels to serve
as standard curves for semiquantification of
normalized binding relative to total input (E). Note
that the Snapin dimerization-defective mutant
significantly impairs its capability to stably interact
with both Syt I and SNAP-25 in vitro.
(F) Elevated Ca2+ efficiently rescues the binding
defect of Snapin-C66A to Syt I in vitro. GST-syt
I-CT immobilized on glutathione-Sepharose beads was incubated with His-tagged Snapin WT or C66A mutant under 2 mM EGTA or 1 mMCa2+. Bound proteins
were detected using antibodies against Snapin (upper) and GST (lower).
(G) Ca2+ is required for GST-Snapin-C66A to pull down native Syt I from brain homogenates. GST-Snapin or its C66A mutant immobilized on glutathione-
Sepharose beads was incubated with 50 mg of rat brain homogenates in the presence of 1 mM Ca2+ or EGTA. Bound proteins were sequentially detected using
antibodies against Syt I, SNAP-25, syntaxin-1, Complexin I/II, and GST from the same membrane after stripping between applications of each antibody as
indicated. The experiments were repeated three times.p = 0.037) was recovered significantly (Figure 8A), consistent
with the slowed decay of EPSC size (Figure 8B), suggesting
a larger pool of release-ready vesicles. Given our biochemical
evidence that Snapin-C66A is a dimerization-defective mutant
with reduced capacity to interact with Syt I, it could serve as
a dominant-negative mutant by competitively interfering with
native Snapin homodimer in neurons.
Interestingly, both Snapin wild-type and C66A mutant were
similarly effective in regulating EPSC kinetics (Figure 8C).
Expression of both transgenes led to dramatic decreases of
EPSC half-width and decay time not only in (+/) neurons, but
also in (/) neurons compared with their GFP controls. The
slowed rise time specifically observed in (/) EPSCs was
accelerated by approximately 30%–40% when either form of
Snapin was transiently expressed in the presynaptic neuron.
Thus, the observed modest retardation in synaptic development
in snapin (/) neurons (Figure 2) likely does not primarily
contribute to the synchronization defect in SV fusion. Consid-ering the relatively higher amount of endogenous Snapin in
(+/+) neurons compared with snapin-deficient neurons, the
boost of fusion synchrony was only modest when introducing
exogenous Snapin. These observations further suggest that
Snapin plays two parallel roles in SV priming and synchronous
fusion. The cysteine-66 residue, critical for Snapin dimerization,
is required to stabilize primed SVs probably via interacting with
the metastable SNARE complex and Syt I before Ca2+ sensing.
However, Snapin dimer structure is not essential for synchro-
nized fusion. Rather, monomer Snapin is sufficient for bidirec-
tional regulation of Ca2+-triggered synchronized fusion and
EPSC kinetics. These rescue experiments are consistent with
our biochemical observations that Ca2+ can efficiently boost
the interaction of Snapin-C66A with both recombinant and
native Syt I in vitro (Figures 7F and 7G). Altogether, our findings
suggest that Snapin could play a dual role in enhancing the effi-
cacy of SV priming and fine-tuning the precision of synchronous
SV fusion.Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc. 419
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The Synchronization of Synaptic Vesicle FusionFigure 8. Dual Roles of Snapin in Synchronizing SV Fusion and Maintaining RRP Size
(A) Relative changes in total charge transfer at 50 Hz, 0.8 s stimulation when pIRES-EGFP-Snapin-C66A (SN-C66A) or pIRES-EGFP-Snapin (SN) was expressed
at the presynaptic neuron as comparedwith that of their EGFP controls. Total charge transfer displayed changes in opposite directions when SN-C66A or SNwas
expressed in the presynaptic (+/) neurons (GFP: 0.42 ± 0.06, n = 11; SN-C66A: 0.20 ± 0.05, n = 8, p = 0.017; SN: 0.79 ± 0.19, n = 9, p = 0.037, t test).
(B) Normalized EPSC peak amplitudes plotted against stimulus number at 50 Hz stimulus train for snapin (+/+), (+/), and (/) neurons, and for (+/+) and (+/)
neurons with presynaptic expression of either SN or SN-C66A. Note that SN-C66A expression resulted in faster decay in both (+/+) and (+/) neurons, while
Snapin expression reversed the decay kinetics in (+/) neurons to reach the (+/+) level.
(C) Bar graphs of normalized EPSC half-width, 10%–90% rise time, and decay time plotted for snapin (+/+) (upper panel), (+/) (middle panel), and (/) neurons
(lower panel) when expressedwith SN, SN-C66A, or GFP control. In (+/+) neurons, no overall significant changewas observed. In contrast, transient expression of
SN in the presynaptic (+/) and (/) neurons significantly decreased half-width [for (+/), 0.67 ± 0.05, p = 0.0004; for (/), 0.69 ± 0.06, p = 0.032, t test) and
decay time [for (+/), 0.55 ± 0.06, p = 0.00006; for (/), 0.60 ± 0.06, p = 0.0066, t test] of AMPA-EPSCs relative to that of their GFP controls. SN-C66A expression
rescued EPSC kinetics in both half-width [for (+/), 0.70 ± 0.09, p = 0.014; for (/), 0.60 ± 0.02, p = 0.015, t test] and decay time [for (+/), 0.67 ± 0.10, p = 0.017;
for (/), 0.51 ± 0.06, p = 0.0019, t test] as effectively as expression of wild-type SN. In snapin (/) neurons, rise time was also remarkably decreased when
expressing SN (0.72 ± 0.06, p = 0.037) or SN-C66A (0.59 ± 0.08, p = 0.0054) at the presynaptic neurons relative to snapin (/) neurons expressing GFP control.
Error bars = SEM.DISCUSSION
Using snapin-deficient cortical neurons in combination with gene
rescue experiments, we revealed a marked role of Snapin in
synchronizing fast neurotransmitter release. First, deletion of
snapin not only reduced EPSC size, but more significantly,
slowed EPSC kinetics. Multipeaked EPSCs were predominantly
observed in snapin-deficient neurons, reflecting the desynchron-
ized SV fusion. Second, increased [Ca2+]ext partially rescued the
phenotype while leaving defective synaptic precision unaltered.
Third, elevated expression of Snapin in snapin-deficient pre-
synaptic neurons efficiently restored the synchronicity of vesicle
fusion and enhanced EPSC kinetics to a greater extent than that
found in wild-type synapses, suggesting a nonsaturated capa-
bility of Snapin-dependent regulation in normal conditions.
Furthermore, Snapin dimerization via its cysteine-66 residue
significantly enhanced its interaction with SNAP-25 and Syt I.420 Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc.In addition, Snapin WT, but not its dimerization-defective mutant
C66A, rescued the reduced size of RRP. However, Snapin-C66A
was sufficient for accelerating Ca2+-triggered synchronized
fusion in snapin-deficient neurons. Thus, our studies provide
mechanistic insights into a crucial dual role of Snapin in
enhancing the efficacy of SV priming and fine-tuning the preci-
sion of synchronous SV fusion.
Snapin Dimerization May Play an Essential Role
in Stabilizing the RRP by Tightly Grasping SNAREs
with Syt I
In addition to the core fusion proteins SNAREs and Munc18,
a number of regulatory proteins have been well characterized
for their roles in modulating the priming process or mediating
transmitter release (see review by Rizo and Rosenmund, 2008).
Deletion of Munc13-1 and -2 in mice resulted in elimination of
spontaneous and evoked release (Varoqueaux et al., 2002).
Neuron
The Synchronization of Synaptic Vesicle FusionRIM1a KO mice also exhibit impaired vesicle priming caused by
the interruption of its binding to Munc13s (Betz et al., 2001).
CAPS-1 and -2, which share homologous sequence with
Munc13s, have been reported as important priming proteins
for both LDCVs (Walent et al., 1992; Liu et al., 2008) and SVs
(Jockusch et al., 2007). Double deletion of caps genes signifi-
cantly decreased the RRP size and impaired fast phasic gluta-
mate release in cultured hippocampal neurons, a defect that
can be reversed by elevating intracellular Ca2+ levels. Studies
on Complexins I/II suggested a dual-role model during the late
step of transmitter release. Analysis of Drosophila complexin
null mutants suggests that Complexin functions as the fusion
clamp (Huntwork and Littleton, 2007), probably by tightly binding
to SNAREs through an a-helix interaction (Reim et al., 2001;
Chen et al., 2002). However, the phenotypes observed from
mammalian neurons display different features. Increasing local
concentration of Complexin I impaired fast phasic transmission
(Tang et al., 2006), while complexin I and II double KO neurons
showed reduced transmitter release with decreased Ca2+ sensi-
tivity (Reim et al., 2001), leading to the hypothesis that Complex-
ins binding to the SNARE complex generate a metastable state
for Ca2+-Syt I for fast release. Despite these well-established
studies, protein machineries and regulators for SV synchronized
fusion are yet to be fully identified.
We report here that Snapin serves as a priming protein as well.
The reduced glutamate transmission and the smaller RRP size
observed in snapin-deficient neurons are reminiscent of
a priming-defective model. In snapin (+/) neurons, where
morphological evidence for retardation of synaptic development
was not observed, decreased RRP size is likely from the defec-
tive structural or functional coupling of Syt I with SNAREs.
Reintroducing wild-type Snapin into the presynaptic neurons
reversed the impairment and led to larger RRP size, while
expression of the dimerization-defective Snapin-C66A mutant
further reduced RRP size in snapin-deficient neurons and
resulted in faster decay at 50 Hz stimulation. These experiments
support our biochemical observations that Snapin wild-type, but
not its C66A mutant, bound to Syt I in the absence of Ca2+,
although the binding affinity with Snapin-C66A was effectively
boosted by Ca2+. The phenotypes observed from the snapin-
deficient neurons are also consistent with the newly emerging
view regarding an alternative function of Syt I, which facilitates
formation of an SV pool more capable of synchronous release
(Voets et al., 2001; Yoshihara and Littleton, 2002; Nishiki and
Augustine, 2004). Previous studies showed that Syt I was able
to associate with the SNARE complex independent of Ca2+ in
brain homogenates and such an association could be further
enhanced by Ca2+ (Melia et al., 2002; Zhang et al., 2002; Bhalla
et al., 2006; Tian et al., 2005), although it is unclear whether the
Ca2+-independent Syt I-SNARE complex is physiologically
stable at synapses. Our biochemical observations that Snapin-
C66A is functionally defective in binding to the Syt I-SNARE
complex in the absence of Ca2+ is consistent with the domi-
nant-negative effect achieved by overexpressing Snapin-C66A
in the snapin (+/) neurons. Our study supports the notion that
during the early steps of SV priming, structural coupling between
Syt I and SNAREs is independent of Ca2+ but stabilized by Sna-
pin dimer. Thus, Snapin dimerizationmay play an essential role instabilizing the RRP by tightly grasping SNARE or t-SNARE
proteins with Syt I around the fusion site prior to Ca2+ sensing.
Upon Ca2+ entering the terminal during an action potential,
Ca2+-Syt I switches the priming mode to an accelerated fusion
via changing Syt I interactions with its effector phospholipids
and the SNARE complex and opening the fusion pore (Martens
et al., 2007).
Snapin Is Essential for Fine-Tuning the Precision
of Synchronous SV Fusion
Close alignment of Syt I and SNAREs is necessary to hold the
primed SVs in a hemifused state before the Ca2+ trigger (Martens
et al., 2007; Zhang et al., 2002; Sørensen et al., 2006; Bai et al.,
2004). Synchronous release might demand more energy from
the SNARE machinery than asynchronous release (Kesavan
et al., 2007), probably due to Complexin-mediated arrest of SV
fusion in a hemifused state (Tang et al., 2006; Giraudo et al.,
2006). We now provide genetic and physiological evidence
that Snapin may serve as a positive regulator in facilitating the
formation of an SV pool more capable of synchronous release.
We propose that Snapin is required to stabilize ‘‘the pre-Ca2+
Syt I-SNARE complex’’ or ‘‘the clamped intermediate,’’ which
may be essential to convert the asynchronous events into rapidly
synchronous release in response to the Ca2+ trigger. This
assumption is supported by our observations that the deletion
of snapin leads to marked reduction in the amount of Syt
I-SNARE complex in vivo (Tian et al., 2005) and delayed EPSC
kinetics, and that recombinant Snapin enhances the interaction
of Syt I and SNAP-25 in vitro (Ilardi et al., 1999; Chheda et al.,
2001) and efficiently rescues the slowed EPSC kinetics in sna-
pin-deficient neurons. Thus, at snapin-deficient nerve terminals,
SVs are likely heterogeneously primed due to the unfavorable or
unstable association of Syt I with the metastable SNARE
complex before the Ca2+ sensing. It leads to two defects: (1)
fewer fusion-competent vesicles, and hence decreased size of
EPSCs; and (2) fewer vesicles undergoing synchronized fusion
within a narrow time window during excitation-secretion
coupling. A higher [Ca2+] might sensitize more SVs for fusion,
but fails to bypass the defects in the prefusion structural coupling
between Syt I and SNAREs. Thus, it is likely that different priming
proteins may play distinct roles in regulating fast neurotrans-
mitter release. While CAPS proteins are essential components
of the SV priming machinery (Jockusch et al., 2007), and Com-
plexins activate or clamp a metastable SNARE complex at
a point before Ca2+ triggering (Tang et al., 2006; Giraudo et al.,
2006; Huntwork and Littleton, 2007), Snapin serves as a critical
‘‘stabilizer’’ of the pre-Ca2+ Syt I-SNARE complex not only for
maintaining the RRP size, but also for forming Snapin-dependent
RRP more capable of synchronous release. These proteins may
act in parallel by fine-tuning the efficacy and precision of fast and
synchronous SV fusion.
Snapin May Serve as a Molecular Target for
Modifications of Cortical Networks and the Cognitive
Impairments Prominent in Schizophrenia
Any change in EPSC kinetics could have profound influences
on brain function, especially by changing spike-timing depen-
dent plasticity. The shape of EPSCs influences synapticNeuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc. 421
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dendrites, thereby tuning neuronal firing. The marked increase
in rise/decay time and synaptic latency (delay time) observed
in snapin-deficient neurons changes the shape of the EPSC.
These defects lead to an overall impairment in both synaptic
efficacy and precision, especially under high-frequency stimu-
lations, in turn altering the integration code at postsynaptic
neurons. Given its nonsaturated capacity in neurons, Snapin
may serve as a molecular target for modifications of EPSC
kinetics. This mechanism may be modulated by changing the
affinity of Snapin for the Syt I-SNARE complex through PKA-
dependent Snapin phosphorylation (Chheda et al., 2001; Tha-
kur et al., 2004) or via potential oxidative stress in reducing
Snapin dimerization.
Several groups discovered a direct interaction between
Snapin and dysbindin (BTNBP1), the product of a susceptibility
gene found among the most common genetic variations associ-
ated with schizophrenia (Starcevic and Dell’Angelica, 2004;
Numakawa et al., 2004; Nazarian et al., 2006; Talbot et al.,
2006; Newell-Litwa et al., 2007; Morris et al., 2008; Feng et al.,
2008). Both dysbindin and Snapin associate with SVs (Talbot
et al., 2006; Tian et al., 2005) and directly interact via a 30 residue
sequence at dysbindin N terminus (Feng et al., 2008). Similar to
the phenotype of sandy mice, which harbor genetic deletion of
BTNBP1 and demonstrate reduced release probability, smaller
RRP size, and slower kinetics of glutamate release in hippo-
campal synapses (Chen et al., 2008), the snapin-deficient
cortical neurons also displayed reduced RRP size and impaired
synchronous neurotransmitter release. In addition, deletion of
snapin changed EPSC shape and resulted in an inability to
sustain high-frequency neuronal firing. The sandy mouse mani-
fested schizophrenia-like behaviors such as social withdrawal
and cognitive deficits, and in sandy mouse hippocampus, the
steady-state level of Snapin was significantly reduced (Feng
et al., 2008). In contrast, the expression of neuronal SNAREs
and Syt I and other regulatory components including Munc18-1
and Complexins, or the assembly of the SNARE complex, is not
changed in sandymouse. These findings highlight the possibility
that the destabilization of Snapin in the sandy mouse might
contribute to impaired kinetics of neurotransmission and schizo-
phrenia-like behaviors. Since the hypofunction of glutamatergic
transmission and impaired rhythmic activity within the cortical
circuits have been shown to underlie some aspects of the neuro-
pathology of schizophrenia (Tsai and Coyle, 2002; Behrendt,
2006), future study of snapin mutant phenotypes will provide
an intriguing cellular mechanism for the cognitive impairments
prominent in schizophrenia.
EXPERIMENTAL PROCEDURES
Culture and Transfection
Cortices were dissected from E18–19 snapin (+/+), (+/), and (/) littermates
from (+/) breeders. Snapin (+/) breeders were backcrossed with C57/BL6
wild-typemice every 3–4months tomaintain well-defined genetic background
while minimizing genetic drifts. Cortical neurons were dissociated by papain
(Worthington) and plated on wild-type glial bed. Neurons were grown in vitro
for at least 10–12 days (DIV10–12) before recording, while supplemented
with B27, fetal bovine serum, G-5, and GlutaMAX (Invitrogen). Full-length
snapin gene and mutant snapin-C66A were cloned into pIRES2-EGFP vector,422 Neuron 61, 412–424, February 12, 2009 ª2009 Elsevier Inc.and transfection was carried out at DIV7–8 using Lipofectamine 2000 (Invitro-
gen). Recordings were performed 3 days after transfection.
Electrophysiology and Data Analysis
Dual patch-clamp recordings were made with a whole-cell configuration at
room temperature (RT) to obtain EPSCs. Both neurons were voltage-clamped
at 70 mV. Membrane currents were acquired using a MultiClamp 700B
amplifier and digitized by Digidata 1322A with pCLAMP 9.2 software (Axon
Instruments/Molecular Devices). Signals were filtered at 2 KHz. During low-
frequency stimulation, a hyperpolarization step (5 mV, 40 ms) was given at
the end of the trial to monitor the steady state of input resistance. Master 8
(A.M.P.I.) was used to generate trains of high-frequency stimulations. The
extracellular recording bath contained (in mM) 145 NaCl, 3 KCl, 10 HEPES,
2 CaCl2, 8 glucose, 2 MgCl2, and 0.05 picrotoxin (pH 7.2, 300 mOsm). Patch
pipettes (Sutter Instrument) with resistance of 4–6 MU were tip-filled and
then back-filled with pipette solution containing (in mM) 146.5 K-gluconate,
7.5 KCl, 9 NaCl, 1 MgCl2, 10 HEPES, 0.2 EGTA, and 2 ATP-Na2 (pH 7.2, 300
mOsm). Six millimolar [Ca2+] perfusion was achieved by using a circulating
pump. EPSCs were recorded at least 8 min later, when they appeared steadily
larger in size. For miniature current recording, 1 mM TTX was added to the
recording bath. Events and number of peaks were detected and analyzed by
MiniAnalysis (Synaptosoft) with uniform settings for all recordings. To evoke
hypertonic responses, 700mMsucrose in normal saline was applied by gravity
flow for 5 s, and then washed out by a circulating pump for at least 5 min. For
calcium current recording, the bath solution contained (in mM) 145 NaCl,
10 HEPES, 10 CaCl2, 8 glucose, 1 MgCl2, 0.001 TTX, and 0.01 Nimodipine
(Sigma). The pipette solution contained (in mM) 115 CsMeSO3, 20 CsCl,
10 HEPES, 2.5 MgCl2, 4 ATP-Na2, and 6 EGTA. Series resistance was auto-
compensated; whole-cell current was acquired by pCLAMP 9.2 and filtered
at 1 KHz. For significance evaluation, data sets with normal distribution were
analyzed by Student t test. Mann-Whitney U test / Wilcoxon rank sum test
was used otherwise.
Immunocytochemistry
Neurons were fixed at DIV10–12 with a solution containing 4% formaldehyde
(Polyscience Inc.) and 4% sucrose (Sigma) in 1X PBS for 30 min at RT. Cells
were washed 3 times with 1X PBS, blocked for 1 hr with 0.5% Triton X-100
and 5% goat serum in 1X PBS, incubated with primary antibodies over night
at 4C, and subjected to secondary antibody application (Alexa 488- or 546-
conjugated) for 30 min. Antibodies used in the study include monoclonal
against Synapsin I (Synaptic System, 1:200), Synaptophysin (CHEMICON,
1:1000), and CAPS (BD Transduction Laboratory, 1:50); polyclonal against
MAP2 (Santa Cruz, 1:1000); Synaptophysin (Santa Cruz, 1:800); Complexin
I/II (Synaptic System, 1:1000); and secondary antibodies (Molecular Probes,
1:400).
SUPPLEMENTAL DATA
The supplemental data for this article include Supplemental Experimental
Procedures and two Supplemental Figures and can be found at http://www.
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